1 the bacterial periplasm allows high 2 efficiency in vivo FRET of cell division 3 antibiotic targets. Abstract 8 Fluorescent proteins (FP)s are of vital importance to biomedical research. Many of the currently 9
Introduction 23
In Gram-negative bacteria the cytoplasm is enveloped by an inner membrane (IM) and an asymmetric 24 outer membrane (OM). The space between the IM and OM is called the periplasm and contains the 25 protective peptidoglycan layer. As much as 30 % of Escherichia coli's proteins are predicted to localize 26 to the envelope and many essential processes function fully or partly within the periplasm 1 . The 27 protein interactions in the periplasm are of great interest for biotechnological and medical purposes 28 like synthesis of exogenous proteins and antibiotic development 2 . The most direct way to observe 29 these proteins in living cells is by fluorescence microscopy of genetically encoded fusions to fluorescent 30 proteins (FP)s. Fluorescence also provides a means of detecting protein-protein interactions by Förster 31 resonance energy transfer (FRET). The stringent distance dependence for FRET is ideal to detect direct 32 protein-protein interactions as these also occur in the nanometer range, whereas indirect protein 33 interactions usually occur on a larger distance scale and are not detectable by FRET 3 . 34
In vivo studies of proteins in the periplasm are challenging because of its oxidizing environment and 35 toxicity associated with protein over-expression 4 . Expression of FPs in the periplasm does not always 36 result in fluorescence and only a limited number of FPs have been shown to fold and mature under 37 periplasmic conditions. Recently, we observed good expression of mNeongreen (mNG) and used it as 38 a donor to the mCherry (mCh) acceptor FP in an in vivo periplasmic FRET assay 4 . The mNG-mCh FRET 39 pair has an R0 of 5.5 nm (the distance at which 50% FRET occurs) and allowed the detection of 40 periplasmic protein-protein interactions with a dynamic range of up to 16 % energy transfer efficiency. 41
However, this is only half the range of what can be achieved for cytoplasmic FRET pairs. 42
To improve our periplasmic FRET assay, popular existing FPs were screened for periplasmic 43 fluorescence but none was adequate. Therefore, we rationally designed a novel FP dubbed sfTq2 and 44 further optimized it for periplasmic functionality creating sfTq2 ox . This process revealed the factors 45 important for periplasmic fluorescence. sfTq2 ox has biophysical properties equal to its parent FP mTq2. 46
Expressing it in the periplasm comes at greatly reduced toxicity, resulting in bright cyan fluorescence. 47 sfTq2 ox forms a FRET-pair with mNG with an R0 of 6.0 nm and allows exceptionally high rates of energy 48 transfer in the cytoplasm and periplasm of E. coli. Employing our new assay, we show the periplasmic 49 interaction of the essential cell division proteins FtsB and FtsL. This work breaks ground for new 50 research and provides microbiologists with new tools to use fluorescent techniques in the periplasm. Robust folding is the first prerequisite for periplasmic FP fluorescence 56 To optimize our periplasmic FRET assay, a higher R0 value FRET-pair was sought for. The periplasm is 57 an oxidative environment and cysteines may form promiscuous disulfide bridges resulting in non-58 fluorescent oligomers 5 . The Anthozoa derived mFruits and mScarlets were thought to be good 59 candidate acceptor FPs because of their lack of native cysteines and favorable spectroscopic properties 60 to form a FRET-pair with the established 4 periplasmic FP mNG instead of mCherry ( Table S1 ). The FPs 61 were expressed in the periplasm of E. coli by co-translational translocation through the sec-translocase 62 ( Fig. 1) . Unfortunately, they were unable to fold or mature quickly (Supplementary text 1 and figures) . 63 A clear exception was mScarlet-I, which was able to fluoresce quite well in the periplasm. Still, mCherry 64 produced stronger signals despite its modest spectroscopic properties ( Fig. S3) . These results show 65 that the periplasmic conditions can be inhospitable for FPs regardless of their lack of cysteines (or high 66 R0 FRET-pairing) and suggest that their proper folding is the first prerequisite. 67 68 69 Figure 1 -Co-translational expression of FPs in the periplasm. FP fusions were expressed in the 70 periplasm and attached to the periplasmic (PERI) side of the inner membrane (IM) through PBP5 71 (encoded by dacA). The DsbA signal sequence is a substrate for the signal recognition particle (SRP) 72 that directs co-translational transport through the SecYEG translocase of the N-terminal fused gene 73 product translated in the cytoplasm (CYTO). The FP-fusion is translocated to the periplasm and the 74 signal sequence is cleaved off. Here the FP is exposed to periplasmic conditions under which it needs 75 to efficiently fold its ß-barrel and subsequently mature its chromophore to become fluorescent. FPs 76 that are unable to fluoresce in the periplasm thus have problems with either folding or chromophore 77 maturation. 78 79 Superfolder mTq2 folds and matures in the periplasm 80 Aequorea victoria derived FPs contain two cysteines, C48 and C70, and were therefore initially not 81 tested. However, sfGFP folds and fluoresces in the periplasm of E. coli 6 despite the presence of 82 cysteines 7 . This observation further suggests that folding rate may be more important than the 83 presence of cysteines for optimal periplasmic chromophore development. 84
Bright cyan FPs are great FRET donors because of their high quantum yield (QY). mTurquoise2 (mTq2) 85 has a QY of 93 % and was shown to allow high FRET efficiencies with mNG 8-10 . It can be paired with 86 green, yellow or orange acceptors that have a high molar extinction coefficient (ɛ) resulting in relatively 87 high R0 values and strong FRET-pairs. mNG is the preferred FRET acceptor of mTq2 in eukaryotic cells 88 with an R0 of 6.0 nm and FRET efficiencies ranging up to 50-60 % 9,10 . 89 mTq2 was tested in the periplasm of E. coli but it did not fluoresce ( Fig. 2a) . Since mTq2 is also 90 derived from Aequorea victoria, super folding mutations S30R, Y39N, N105T F99S, M153T, V163A and 91 I171V 7,11 were introduced based on sfGFP to create superfolder mTq2 (sfTq2). sfGFP mutation Y145F 92 was not included since it is close to the chromophore and could affect maturation and indeed 93 negatively impacts periplasmic fluorescence ( Fig. S4) . A206V was not introduced since it may increase 94 dimerization tendency 12 . 95 mTq2 and sfTq2 fusions were expressed in the periplasm of E. coli growing in a plate reader at a 96 concentration range of the inducer IPTG (material and methods). Cultures expressing either mTq2 or 97 sfTq2 resulted in toxicity correlated with induction concentrations previously reported with other FPs 4 . 98
However, sfTq2 could be expressed at higher levels with less toxicity compared to mTq2 supporting 99 the notion that fast folding improves expression. Strikingly, the sfTq2 fusion resulted in periplasmic 100 fluorescence whereas the mTq2 fusions did not ( Fig. 2a ). This shows that the superfolder mutations 101 enable sfTq2, like sfGFP, to fold and mature in the periplasm. 102
Cells expressing mTq2 and sfTq2 in the periplasm at non-toxic concentrations were imaged by 103 fluorescence microscopy. Quantification of the signals from living, fixed and fixed and matured 104 samples showed periplasmic fluorescence of sfTq2 only (Fig. 2bc) . Western blot analysis confirmed the 105 similar expression levels of mTq2 and sfTq2 (shown in the next section). However, periplasmic mNG-sfTq2 only amounted to 18.8 ± 2.1 % ( Table 1) . Possibly, the superfolder 128 mutations in sfTq2 did not fully protect its cysteines from forming non-fluorescent hetero-and 129 oligomers in the periplasm (Supplementary text 2 and 
figures). 130
To further improve the expression of sfTq2 in the periplasm, site-directed mutagenesis was performed 131 to replace sfTq2's C48 with serine and C70 with serine, methionine or valine. Serine closely resembles 132 cysteine with a hydroxyl-instead of a sulfhydryl group. Methionine also contains a sulfur that is not 133 nucleophilic and therefore should not participate in disulfide bond formation. Valine should resemble 134 the more hydrophobic state of cysteine better than serine and was shown to aid fluorescence of oxBFP 135 in the eukaryotic ER 5 . 136
Single and double cysteine mutants of sfTq2 performed better than sfTq2 in the periplasm with 137 reduced toxicity and improved fluorescence ( Fig. 3, Fig. S6 ). They were expressed as protein fusions in 138 the periplasm of E. coli under non-toxic conditions and the fluorescence signals of living, fixed and fixed 139 and matured samples were quantified. sfTq2 mutants C48S, C70S, C70V and C48S-C70V showed much 140 brighter signals from the periplasm (Fig. 3bc) . The methionine sfTq2 variants did not perform better 141 than sfTq2 in terms of fluorescence ( Fig. S6) . Western blotting showed that all cysteine replacement 142 mutants were better expressed in the periplasm regardless of fluorescence signals (Fig. 3d) . This is in 143 line with the secretory improvement of GFP to the eukaryotic ER by cysteine replacements 13 . The 144 enhanced periplasmic production but dim fluorescence of some sfTq2 variants suggests poor 145 chromophore maturation. 146
Site directed random mutagenesis of sfTq2 cysteines revealed that residue 48 does not allow much 147 variation besides the original cysteine or serine while a variety of amino acids are accepted as residue 148 70. Several brightly fluorescing sfTq2 variants were found but none of them showed improved 149 periplasmic fluorescence as compared to C70V (Supplementary text 3, Fig. S7 ). Cysteine mutants in 150 the parental mTq2 did not increase periplasmic fluorescence although a reduction of expression 151 toxicity was observed ( Fig. S8) . sfGFP mutant sfGFP C70V showed similar periplasmic fluorescence 152 compared to its predecessor and expression was slightly less toxic ( Fig. S9 ). This shows that cysteines 153 are involved in translocation toxicity and subsequent low production of periplasmic fusion proteins. 154
All experiments showed that sfTq2 C70V was the best periplasmic variant to be used in the bacterial 155 periplasm in terms of reduced toxicity, fluorescence intensity and fast folding or maturation. sfTq2 C70V 156 was named sfTq2 ox . Subsequent comparisons of sfTq2 and sfTq2 ox as periplasmic fusions to several IM 157 and OM localized proteins confirmed the superior performance of sfTq2 ox (Figs. S10-12). 158 Anti-GFP immunoblotting of the corresponding samples shows that the fusion proteins are intact and 172 that C48S has a minor propensity to form higher order complexes (asterisk). The + and -signs indicate 173 the presence or absence of reducing agent DTT in the sample, respectively. 174
175
The superior periplasmic properties of sfTq2 ox come without a trade-off 176 Introducing superfolder mutations in mTq2 allowed fluorescence in the periplasm of E. coli. The 177 additional C70V mutation in sfTq2 ox resulted in a reduction of expression toxicity and the brightest 178 periplasmic fluorescence. Interestingly, mTq2, sfTq2 and sfTq2 ox were equally bright when expressed 179 in the cytoplasm (Fig. 4d, Fig. S13 ). To verify the in vivo spectroscopic properties of the mTq2 variants 180 the fluorescence lifetime and cellular brightness were determined. 181
The quantum yield of cyan FPs is directly related to their fluorescence lifetime 8, 14 . Therefore, the 182 lifetimes of mTq2 and sfTq2 and sfTq2 ox were measured from the cytoplasm of eukaryotic (HeLa) cells 183 using frequency domain fluorescence lifetime imaging microscopy (FLIM). This resulted in an identical 184 distribution of lifetimes with an average of 3.9 ± 0.1 ns suggesting no differences in QY between the 185 three variants (Fig. 4a) . The fluorescence lifetime of sfTq2 and sfTq2 ox expressed in the periplasm also 186 showed a similar average lifetime of 3.9 ± 0.1 ns showing that periplasmic conditions did not alter their 187 lifetime and suggesting an unaltered QY (Fig. 4b) . Agar colonies of E. coli expressing cytoplasmic mTq2, 188 sfTq2 or sfTq2 ox were imaged and gave a similar average lifetime of 3.8 ± 0.2 ns (Fig. S13) . 189
To analyze the cellular brightness of sfTq2 and sfTq2 ox self-cleaving viral peptide (2A) linked tandems 190 with super yellow FP 2 (sYFP2) were expressed in HeLa cells 10 . The equal expression of both FPs 15 191 showed similar correlation for all three mTq2 variants reflecting an equal cellular brightness ( Fig. 4c) . 192
Quantification of mTq2, sfTq2 and sfTq2 ox expressed in the cytoplasm of E. coli further supports this 193 ( Fig. 4d, Fig. S13 ). Having determined that the lifetime and cellular brightness of sfTq2 ox are the same 194 as that of mTq2 and sfTq2, it is reasonable to assume that the extinction coefficient is also similar. The 195 unaltered lifetime also implies that the spectroscopic properties (quantum yield) of mTq2 may be used 196 for calculating R0 and the quantification of EfA values. 197 mTq2 is monomeric 12 and will therefore not obscure FRET experiments by dimerization or 198 oligomerization. The superfolder and C70V mutations may have impacted this property of mTq2. 199 Therefore, the tendency of sfTq2 and sfTq2 ox to form undesired oligomers was assessed by OSER 200 assay 16 showing equal results for both proteins, suggesting the same low propensity to aggregate as 201 mTq2 (Fig. S14) . 202
Further confirmation that sfTq2 and sfTq2 ox have the same spectral properties as mTq2 comes from 203 their FRET efficiencies in the cytoplasm. Tandem fusions of mNG with mTq2, sfTq2 or sfTq2 ox resulted 204 in significantly similar EfA values of 61 ± 6 %, 65 ± 3 % and 66 ± 3 %, respectively (Table 1) . Interestingly, 205 the same constructs expressed in agar colonies of E. coli gave an average lifetime of 2.5 ± 0.1 ns, a 35 206 % reduction in fluorescence lifetime compared to their single donor FPs (Fig. S13) . This is similar to the 207 33 % energy transfer observed for mNG-mTq2 in eukaryotic cells that were measured using the same 208 technique 10 . 209
Taken together, these results strongly indicate that the engineering of sfTq2 ox comes without a trade-210 off compared to its parent mTq2 with the added benefits for periplasmic expression, bright 211 fluorescence and reduced toxicity. fluorescence of cysteine-replaced sfTq2 variants suggested that they would make better donors to 228 mNG for periplasmic FRET. mNG-sfTq2 tandems containing the cysteine mutants, associated with the 229 OM through OmpA, were tested for their in vivo FRET efficiencies. This indeed greatly improved EfA 230 values to 32.3 ± 1.9, 42.5 ± 3.1 % and 40.3 ± 1.2 % for sfTq2 C48S , sfTq2 ox or sfTq2 C48S-C70V , respectively. 231
No degradation or cleavage products were detected by western blotting (Fig. S15) . 232
Since sfTq2 ox showed the best periplasmic behavior compared to all other cysteine mutant variants, 233 mNG-sfTq2 ox fusions were made to other periplasmic proteins to exclude localization effects. Tandems 234 were associated with the OM or IM through the translocation and lipidation signals of lipoproteins 235
LpoB and NlpA, respectively. A third tandem was localized to the IM through the first membrane 236 spanning sequence of MalF (Fig. 5) . All periplasmic tandems resulted in EfA values of 40 % (Table 1) suggesting that this is the highest attainable FRET efficiency for mNG-sfTq2 ox in the periplasm 238 regardless the location of the fusion. Negative controls, assaying energy transfer by crowding 239 conditions in the IM or between the IM and OM resulted in EfA values of -0.7 ± 1.7 % and -1.3 ± 2.2 %, 240 respectively ( Fig. 5) . All assayed EfA values are shown in Table 1 . The measured FRET efficiencies were 241 confirmed using a separate 96 wells plate reader set up showing that the throughput of FRET assays 242 using the sfTq2 ox -mNG pair can be greatly increased (Table S2) 2.6 %, respectively (Table 1, Fig. 5) . A negative control for IM-associated proteins of FtsB-sfTq2 ox with 258
NlpA ss -mNG resulted in an EfA value of -0.7 ± 1.7 %. FtsB and FtsL were reported to interact through a 259 leucine zipper-like motif that can be disrupted by leucine to alanine substitutions 19 . The leucine zipper 260 mutants of FtsB, FtsB m4 , and FtsL, FtsL m4 , are good controls as they are able to localize at the division 261 site and complement their respective depletion strains 19 . The interactions of wild-type FtsB-mNG or 262 mutant FtsB m4 -mNG with mutant FtsL m4 -sfTq2 ox showed decreased EfA values of 3.1 ± 2.1 % and 3.0 ± 263 3.4 %, respectively. Expression without degradation of wild-type and mutant FtsB and FtsL constructs 264 was confirmed by western blotting (Fig. S15) . The weakening of the leucine zipper motif clearly reduces 265 the interaction between the two proteins given the decrease in EfA values. This observed reduced 266 affinity between the two proteins may reflect a reduction in their average interaction time. In 267 conclusion, the new FRET pair sfTq2 ox -mNG can be used to detect periplasmic protein interactions in 268 vivo and paves the way for functional screening of essential antibiotic targets. 269 270 OmpA177 indicates residue 1-177 of OmpA, * indicates a different linker between mNG and sfTq2 ox 273 (EF instead of EL due to differences in cloning). Table S2 shows the FRET efficiencies for the mTq2 274
variants measured with the plate reader. Representative unmixing data is shown in Fig. S16 . Therefore, the closely related mFruits were tested for periplasmic functionality without any observed 289 improvement. The also related, newer mScarlet-I showed periplasmic fluorescence but mCherry still 290 performed better, likely due to favorable folding and maturation capabilities (Supplementary text 1) . 291 mNG has a high QY and extinction coefficient and can therefore function as a donor or acceptor FP 9 . It 292 forms an efficient FRET-pair with mTq2 (R0 = 6.0 nm) and by virtue of its efficient maturation allows for 293 high energy transfer efficiencies. For this pair, FRET is accompanied by a substantial amount of 294 sensitized emission due to the high QY of mNG 9,10 . Since mTq2 did not fluoresce in the periplasm, we 295 focused our efforts on the development of a donor that shows good maturation in the periplasm. sfTq2 296 was engineered by introducing superfolder mutations S30R, Y39N, N105T F99S, M153T, V163A and 297 I171V based on the related sfGFP, which is fluorescent in the periplasm 6 . sfTq2 was functional in the 298 periplasm and allowed only moderate periplasmic FRET with mNG, compared to the cytoplasm where 299 it performed comparable to mTq2 (Fig. 1, table 1, supplementary text 2) . 300
The oxidative environment of the periplasm facilitates disulfide bond formation between exposed 301 cysteines in close proximity 6 . Aequorea victoria derived FPs are natively adapted for cytoplasmic 302 conditions and their cysteines are thus prone to promiscuous disulfide bonds resulting in non-303 fluorescent oligomers in the periplasm. Site-directed random mutagenesis of C48 and C70 in sfTq2 304 resulted in greatly increased periplasmic fluorescence and reduced expression toxicity. Random 305 mutagenesis revealed that only serines or cysteines are tolerated at position 48 while position 70 306 allowed more variation in amino acid replacements resulting in variable levels of periplasmic 307 fluorescence (Supplementary text 3) . The single C70V mutation variant, called sfTq2 ox , was able to 308 produce bright, fast maturing, periplasmic fluorescence and reduced translocation toxicity (Fig. 3) . It 309 came without an observed trade-off as the same QY and brightness values were found for mTq2 and 310 sfTq2 (Fig. 4) . Taken together, the development of sfTq2 ox shows that periplasmic fluorescence of FPs 311 first depends on their efficient folding and then on the absence of cysteines to prevent the formation 312 of non-fluorescent oligomers and reduce expression toxicity. 313
Employing the mNG-sfTq2 ox FRET pair in the periplasm resulted in energy transfer rates of 40 % for all 314 localized tandems, irrespective of whether they were bound close to the IM or with some distance 315 from the OM as with the LpoB fused tandem (Fig. 5) . FRET efficiencies of 60 % were observed for 316 cytoplasmic mTq2, sfTq2 or sfTq2 ox fusions to mNG ( Table 1) . Fluorescence lifetime measurements of 317 the cytoplasmic tandems in bacterial colonies showed energy transfer rates of 35 % for mTq2, sfTq2 318 and sfTq2 ox (Fig. S13) , similar to results for mNG-mTq2 in eukaryotic cells 10 . Based on the R0 value (6.0 319 nm), the FRET efficiency of 60 % and 40 % would correspond to a distance between the fluorophores 320 of 5.6 and 6.4 nm, respectively. Both values are plausible given the minimal distance of ± 3 nm between 321 the two chromophores of the FRET pair. Yet, it cannot be excluded that the transport to the periplasm 322 still hampers subsequent folding of a fraction of the FPs resulting in a lower FRET efficiency. 323 A factor influencing FRET efficiency (and R0 values) is the dipole-orientation (κ 2 ) of the donor and 324 acceptor chromophore. This would only contribute to the FRET efficiency difference if the environment 325 of the cytoplasm or periplasm would restrict the rotational freedom of the proteins in the tandem 326 differently. Presently, no evidence is available that would support such a difference. The comparison 327 of mTq2 with several acceptor FPs shows that mNG is an exceptional FRET acceptor, even compared 328 to FPs with similar spectroscopic properties 10 . Indeed, mNG is an outlier with its chordate origin 329 compared to the usual cnidarian-derived FPs with different sequence homologies and possibly 330 different behaviors 9,21 . 331
The ability of FPs to fold and mature under non-native conditions is a property that is of increasing 332 interest. Co-translational expression of fusion proteins in the periplasm is a good assay to select for 333 
Materials and Methods

372
Bacterial strains and culturing conditions 373 The Escherichia coli K12 strains used are presented in in (Table 2) . The cells were cultured in rich medium (TY: 374 10 g Tryptone (Bacto laboratories, Australia), 5 g yeast extract (Duchefa, Amsterdam, The Netherlands) and 5 g 375 NaCl (Merck, Kenilworth, NJ) per liter) supplemented with 0.5% glucose (Merck) or in glucose minimal medium 376 (Gb1: 6.33 g K2HPO4 (Merck), 2.95 g KH2PO4 (Riedel de Haen, Seelze, Germany), 1.05 g (NH4)2SO4 (Sigma, St. 377 Louis, MO), 0.10 g MgSO4·7H2O (Roth, Karlsruhe, Germany), 0.28 mg FeSO4·7H2O (Sigma), 7.1 mg Ca(NO3)2·4H2O 378 (Sigma), 4 mg thiamine (Sigma), and 4 g glucose per liter, pH 7.0) at 28 °C while shaking at 205 rpm. For growth 379 in Gb1 of LMC500 and CS109 based strains 50 mg/l lysine (Sigma) was added. Growth in rich and poor medium 380 was at 37 and 28 °C, respectively. Expression of constructs was induced with 15 µM isopropyl β-D-1-381 thiogalactopyranoside (IPTG, Promega, Madison WI) unless stated otherwise. Plasmids were maintained in the 382 strains by addition of 100 µg/ml ampicillin (Sigma) or 25 µg/ml chloramphenicol (Sigma). Growth was measured 383 by absorbance at 600 or 450 nm with a Biochrom Libra S70 spectrophotometer (Harvard Biosciences, Holliston, 384 MA) for TY or Gb1 cultures, respectively. Fixation was done with a final concentration of 2.8% formaldehyde and 385 0.04% glutaraldehyde in the shaking water bath for 15 min, after which the cells were harvested. After fixation 386 the cells were washed three times with 1 ml PBS. 387 antibodies were detected with the Odyssey FC scanner (LI-COR). The used antibodies were polyclonal 423 rabbit α-GFP (1:2,000, Fisher Scientific) and polyclonal goat α-rabbit IRDye® 680LT (1:20,000, LI-COR). 424
425
FRET experiments and spectral measurements 426 FRET experiments were performed as described in 36 with modifications for the sfTq2-mNG FRET pair. 427
Acceptor and donor emission spectra were collected with a fluorometer (Photon Technology 428 International, NJ) through 6 nm slit widths with 1 s integration time per scanned nm and 3 times 429 averaging. For the acceptor (mNG) channel samples were excited by the monochromator set at 504 430 nm through a 500 ± 10 nm single band pass (BP) filter (BrightLine, Semrock, Rochester, NY) and 431 emission wavelengths from 512 to 650 nm at 1 nm increments were measured through a 510 nm long-432 pass (LP) filter (Chroma technology corp., Bellow falls, VT). This spectrum was used to determine the 433 amount of mNG in the sample. For the donor (mTq2, sfTq2 or sfTq2 ox ) channel samples were excited 434 by the monochromator set at 450 nm through a 435 ± 40 nm BP filter (Semrock) and emission 435 wavelengths from 470 to 650 nm at 1 nm increments were collected through a 458 nm LP filter 436 (Semrock). Knowing the amount of mNG present in the sample and the shape of the mNG and mTq2 437 variant reference spectra and background fluorescence spectrum in the cells, the sample spectra were 438 unmixed into their separate components: background fluorescence, mTq2, mNG and sensitized 439 emission (FRET). The FRET efficiencies were calculated using the published algorithms 36,37 , using the 440 spectral properties of mTq2 and mNG 8,9 . Spectral measurements using a multimode plate reader 441 (BIOTEK Synergy MX, BioTek Instruments Inc., Winooski, VT) were performed as described 4,36 with the 442 mTq2 variant donor channel acquisition set at 450 nm and emission scanning from 470 to 650 nm with 443 minimal slit widths of 9 nm. 444 445 Frequency domain fluorescence lifetime measurements 446 FLIM experiments were essentially performed as described before 8 . For periplasmic samples in 447 solution, the exposure time was 500 ms, and the number of phase steps 18. 448 OSER assay 449 The OSER assay uses an ER localization sequence (CytERM) that was inserted in the multiple cloning 450 site of pmTurquoise2-N1 to obtain CytERM-mTurquoise2 (Addgene plasmid Plasmid #98833). The 451 coding sequence of mTurquoise2 was replaced by the superfolder variants. After transfection of the 452 plasmids, the localization of the fusion was visualized by confocal microscopy. The OSER assay was 453 performed as described before 16 . 454 Molecular brightness assay 455 The cellular brightness assay was performed in HeLa cells as described before 10 . 456 457
